To determine whether mutations in the genes for ␣-synuclein or ␤-synuclein are responsible for dementia with Lewy bodies (DLB), a disorder closely related to Parkinson disease (PD). Methods: The authors ascertained 33 sporadic cases of DLB and 10 kindreds segregating DLB. DNA samples from the 43 index cases were screened for alterations in the genes for ␣-synuclein and ␤-synuclein, as ␣-synuclein alterations cause PD and ␤-synuclein may modulate ␣-synuclein aggregation and neurotoxicity. Results: Two amino acid alterations were identified in unrelated DLB index cases: a valine to methionine substitution at codon 70 (V70M) and a proline to histidine substitution at codon 123 (P123H), both in the ␤-synuclein gene. These amino acid substitutions occur at conserved residues in highly conserved regions of the ␤-synuclein protein. Screening of at least 660 chromosomes from control subjects matched to the patients' population groups failed to identify another V70M or P123H allele. Cosegregation analysis of an extended pedigree segregating the P123H ␤-synuclein alteration suggested that it is a dominant trait with reduced penetrance or a risk factor polymorphism. Histopathology and immunohistochemistry analysis of index case brain sections revealed widespread Lewy body pathology and ␣-synuclein aggregation without evidence of ␤-synuclein aggregation. Conclusion: Mutations in the ␤-synuclein gene may predispose to DLB.
demonstrated that ␣-synuclein (SNCA) is a major component of Lewy body inclusions. 12 ␣-Synuclein belongs to a family of proteins, consisting of two other members, ␤-synuclein (SNCB) and ␥-synuclein (SNCG). 13 Given the wealth of data supporting a role for SNCB in modulating SNCA aggregation and toxicity, [14] [15] [16] [17] [18] [19] we reasoned that mutations in the ␣-synuclein gene (SNCA) or the ␤-synuclein gene (SNCB) might be responsible for the widespread Lewy body formation and extensive neurodegeneration seen in DLB patients. To test this hypothesis, we ascertained familial and sporadic cases of DLB and screened for mutations in SNCA and SNCB. We identified two nonconservative ␤-synuclein (SNCB) amino acid changes in unrelated DLB probands. Our findings raise the possibility that alterations in SNCB contribute to the production of Lewy body disorders.
Materials and methods. DLB patient ascertainment and evaluation. Twenty-two DLB sporadic patients and five DLB families were ascertained in Seattle, WA, under an approved University of Washington Medical Center (UWMC) human subjects protocol or in Niigata, Japan, after review board acceptance. Samples for the remaining 16 DLB cases were provided by Dr. Matthew Farrer of the Mayo Clinic (Jacksonville, FL). The probands underwent standard neurologic and psychiatric evaluation, and all probands met consensus clinical diagnostic criteria for DLB. 3 Furthermore, 20 of the 33 sporadic cases and at least one patient from nine of the 10 families had brain pathology documenting Lewy bodies at autopsy. Clinical histories for deceased relatives were obtained from next-of-kin, and medical records were reviewed systematically in accordance with DLB consensus diagnostic criteria. 3 Four hundred sixteen Caucasian subjects who presented to the Molecular Diagnosis unit for thrombophilia or cystic fibrosis carrier testing or as control subjects for an AD study were selected as normal control subjects at the UWMC, and 244 Japanese patients being evaluated for non-neurologic diseases were selected as control subjects in Niigata, Japan. Sporadic PD cases were similarly ascertained at both sites after clinical diagnosis by trained neurologists.
Sequencing of the ␣-and ␤-synuclein coding regions. Genomic DNA was extracted from lymphocytes, brain tissues, or cultured skin fibroblasts. Primer sequences (including three new primers: a5r, a7-2f, and a7-1r), expected product sizes, and annealing temperatures are given in table E-1 on the Neurology Web site (go to www.neurology.org). PCR products were purified using the QIAquick purification kit (Qiagen, Valencia, CA) prior to ABI prism BigDye Terminator cycle sequencing on an ABI-377 or ABI PRISM 3100 Genetic Analyzer.
PCR assays for the V70M and P123H alterations. As the P123H alteration creates a DraIII restriction site, we designed an assay to distinguish between normal and P123H samples based on DraIII restriction of PCR-amplified ␤-synuclein exon 5. To ensure that the PCR product is cut by DraIII, we engineered a single nucleotide alteration into the reverse primer to create a DraIII restriction site as a positive control for successful digestion, and used B5F as forward primer. V70M allele discrimination was performed on an ABI 7700 with different oligonucleotide probes and an exon 4 -specific primer set using the TaqMan approach. Primers and probe sequences are given in table E-1 (go to www. neurology.org).
Immunohistochemistry. Antibodies specific for SNCA and SNCB were used to probe 6-m sections that were deparaffinized in xylene followed by hydration in descending ethanol concentrations. 20 The sections were then immunostained using anti-SNCA antibodies SNL-1 (1:5,000), Syn 43-57 (1:2,000), NAC (1:2,000), Syn 204 (1:2,000), Syn 202 (ascites, 1:20,000), or the anti-SNCB antibody 86-131 (1:2,000). Immunoreactivity was visualized with the avidin-biotin complex detection system (Vector Laboratories, Burlingame, CA) using 3,3-diaminobenzidine as the chromogen, and counterstained with hematoxylin.
Brain tissue fractionation. Cingulate, cerebellum, hippocampus, and occipital lobes (approximately 0.2 g) were homogenized in 10 mL/g high-salt (HS) buffer at pH 7.4 (50 mM Tris, 750 mM NaCl, 10 mM NaF, 5 mM EDTA, and protease inhibitor cocktail) and centrifuged at 40,000 rpm ϫ 20 minutes at 4°C. The pellets were re-extracted once with HS buffer, and myelin was floated off of the cerebellum sample. All pellets were then twice extracted in 10 mL/g HS containing 1% Triton X-100 (Triton X buffer), followed by twice extracting the pellets at room temperature in 10 mL/g Triton X buffer containing 2% sodium dodecyl sulfate (SDS) (SDS buffer). Finally, the resulting pellet was resuspended in 2 mL/g SDS buffer containing 8 M urea, with brief sonication.
Western blotting. Brain tissue fractionations were boiled for 10 minutes with 1X Laemmli buffer and resolved by 15% SDS-PAGE. The proteins were electrophoretically transferred onto nitrocellulose membranes (Schleicher & Schuell, Keene, NH) and blocked with a 5% solution of powdered skimmed milk dissolved in Tris-buffered saline. The membranes were incubated with antibodies to SNCA (NAC) (1:500) or SNCB (86-131) (1:500).
Results. Sequence screen yields novel alterations in the ␤-synuclein gene. To determine whether a SNCA or SNCB alteration could be implicated in the pathogenesis of familial DLB, we sequenced the coding regions of these genes using primer sets that included adjacent untranslated and intronic regions. In the 43 index cases we analyzed, we found no significant alteration in the coding region of SNCA. However, we did detect a novel single nucleotide polymorphism (SNP) at nucleotide position 67 (A 3 G) in intron 5 of SNCA. Our sequence screening of SNCB similarly yielded a novel SNP in noncoding region DNA, in this case at nucleotide position 51 (C 3 T) in intron 6 of SNCB. We found no evidence for association of either noncoding SNP with DLB disease status (p ϭ 0.55 and p ϭ 0.84 by 2 analysis). In addition to noncoding SNPs, our sequence screen identified two coding region alterations that stood out as particularly interesting: 1) an exon 4 SNCB codon 70 change (GTG 3 ATG; Val 3 Met), and 2) an exon 5 SNCB codon 123 change (CCC 3 CAC; Pro 3 His) (figure E-1, A and B; go to www.neurology.org). These nucleotide alterations yielded distinct amino acid substitutions in SNCB, leading us to designate them as the V70M and the P123H ␤-synuclein alleles. As numerous PD patients have been screened for SNCB coding region alterations, 21, 22 the absence of the V70M ␤-synuclein allele and the P123H ␤-synuclein allele from the Genbank SNP database suggested to us that these variants are not common SNPs. To determine whether the two SNCB alleles are instead uncommon nonsynonymous coding SNPs, we screened large numbers of unaffected control individuals from the two population groups (i.e., Caucasian and Japanese) from which the affected DLB cases were ascertained (table 1) .
As the P123H SNCB alteration creates a DraIII restriction site, we designed an assay for detection of this alteration in PCR-amplified SNCB exon 5 DNA (see figure E-1, C; go to www.neurology.org). Using this PCR-based assay and a V70M allele discrimination assay, we screened more than 330 control individuals (i.e., Ͼ660 chromosomes) for the V70M and the P123H SNCB alleles. We did not find these alterations in any control sample, nor in any sporadic PD patient (see table 1 ). These results suggest that the V70M and P123H SNCB alleles are unlikely to be coding SNPs.
Case summaries of the two DLB probands carrying SNCB coding region alterations. Patient A. The first case (V70M) was an 83-year-old man who noticed difficulties with moving his left arm at the age of 78 and gradually developed monotonous speech accompanied by a parkinsonian gait (table 2) . Levodopa was effective for his motor symptoms, but his visual hallucinations worsened despite increasing amounts of carbidopa/levodopa. Motor function, especially of speech and swallowing, progressively deteriorated. He also displayed fluctuating dementia, visual hallucinations, and cognitive impairment. At age 83 years, upon hospital admission with a chief complaint of aspiration pneumonia, examination of the patient revealed evidence of dysarthria, dysphasia, bradykinesia, and rigidity and tremor of the left limbs. He was noted to walk with short steps and a stooped posture. The patient's condition worsened until he became entirely bedridden and required tube feeding. He died of pneumonia the next year, but autopsy was not permitted.
Patient B. The second case (P123H) was a 64-year-old man who presented with a 3-year history of mild dementia and deterioration in his handwriting (table 2) . Early symptoms were atypical in this case, because of frontal lobe involvement manifesting as executive and language dysfunction. His cognitive difficulties progressed and were accompanied by significant depression with dysphoric mood. From age 71 to 77 years, periodic neurologic examinations documented his persistent motor apraxia and recurrent episodes of audio and visual hallucinations. At age 73 years, he displayed parkinsonism including prominent bradykinesia. The parkinsonian symptoms worsened over the next 5 years, and placement in a nursing home facility became necessary. The patient died of acute bronchopneumonia and multiple pulmonary emboli at age 79 years. Neuropathologic examination was consistent with DLB, neocortical subtype, with additional, significant changes of AD (Braak stage V) present. A clinical description of this case and of the neuropathologic findings has been published. 23 Clinical and molecular evaluation of the familial DLB pedigree. While patient A was an apparently sporadic case of DLB, patient B is part of an extended pedigree (figure 1). The index case's history, physical examination, and neuropathology studies were all consistent with a diagnosis of DLB, as was the clinical evaluation of his sister. 23 The proband's mother's medical records provided evidence supporting a clinical diagnosis of possible DLB, because she met only two of the three necessary criteria. On the basis of all available clinical and autopsy records, only one of the patient's maternal uncles fully satisfied the clinical diagnostic criteria for probable DLB (see figure 1) . A number of first cousins and maternal aunts, however, could be designated as "possible affected" because they partially satisfied DLB clinical criteria. A full family history for the kindred of this proband has been described. 23 As DNA was not available from the proband's deceased mother and sister, we obtained samples from more distant surviving relatives of the proband. Screening of the DNA samples obtained from the proband's three ascertained first cousins indicated that III-2 is homozygous normal, while III-5 and III-13 are heterozygous for the P123H SNCB allele. At the time of last examination, III-5 remains clinically unaffected but III-2 and III-13 have possible DLB. Clinical differentiation of DLB from AD or PD can be difficult, so the overlap in signs and symptoms between the two disorders means that some elderly individuals (such as III-2 or III-13) could be phenocopies.
Functional implications of the V70M and P123H amino acid substitutions. As SNCA and SNCB share a high degree of amino acid sequence similarity, we compared the locations of the familial PD mutations in SNCA with the SNCB allele polymorphisms associated with DLB ( figure  2A ). While the V70M alteration resides in a synuclein protein family consensus repeat domain akin to the pathogenic SNCA alterations, P123H occurs at the carboxyterminus. Despite being located at some distance from one another, the amino acids altered in our two DLB cases are extremely highly conserved residues based on a comparison of human SNCB protein sequence to the protein sequences of various mammals (see figure 2, B and C) . Furthermore, the potential structural implications of such amino acid substitutions are significant. Valine is a branched chain amino acid, whereas methionine's side chain is linear and contains a bulky sulfur group. Position 70 in SNCB occurs in a region that, by analogy with SNCA, could be important in determining the ternary structure of the protein, as residues 71-82 in SNCA are required for in vitro fibrillization. 13 Proline is unique among all amino acids as its side chain is bonded to not only the ␣-carbon, but also to nitrogen, giving it a cyclic structure. Thus, proline typically plays an important role in influencing tertiary structure. Histidine, unlike proline, is highly hydrophilic because of its polar side chain. For these reasons, substitution of hydrophilic histidine for uncharged, sterically constrained proline at amino acid position 123 likely changes the ternary structure of SNCB. That this alteration involves a region of SNCB that is extremely highly conserved across vertebrate species further suggests that it may have functional consequences.
P123H proband shows Lewy body pathology. Of the two DLB index cases found to possess SNCB alterations, only the DLB patient carrying the P123H SNCB alteration was available for further neuropathologic study. We began by immunostaining brain sections from this patient with an antibody specific for SNCA, and we observed extensive Lewy body pathology in regions of the hippocampus and amygdala ( figure 3A) , as well as in the substantia nigra (data not shown). We then surveyed hilar regions of the hippocampus and amygdala for SNCB pathology using an antibody specific for SNCB. As shown previously, Lewy bodies do not stain for SNCB (data not shown), and although we observed diffuse SNCB immunoreactivity in the hilus of the hippocampus and in the amygdala in the DLB proband, we did not detect any SNCB immunoreactive aggregates or inclusions (see figure 3 , B and C). We then prepared HS and Triton fractions from hippocampal sections from the DLB proband. While insoluble SNCA could be detected in fractions run on polyacrylamide gels, all the detectable SNCB was present in the soluble fraction (see figure 3D ; data not shown).
Discussion. The pathologic hallmark of PD is the Lewy body, a spherical intracytoplasmic inclusion with a dense hyaline core and clear surrounding halo.
1 DLB is pathologically related to PD because Lewy bodies are found throughout the cortex and limbic regions as well as in brainstem nuclei and the substantia nigra of brains from DLB patients. Although the molecular basis of PD remains elusive and the role of the Lewy body in PD pathogenesis is unclear, recent lines of evidence suggest that alteration of SNCA conformation is a key event in the pathogenic cascade. Hypothesized pathways for the production of putatively toxic SNCA protofibrils in PD include rare inheritance of mutant forms of SNCA, oxidative stress in the presence of cytoplasmic dopamine, and impaired proteosomal processing or metabolism of SNCA. 24, 25 In our DLB sporadic cases and kindreds, we theorized that an alteration of the SNCA or SNCB genes might cause or contribute to their phenotypes. Our sequence screening yielded nonconservative amino acid changes in the coding region of the SNCB gene in two DLB index cases. We have designated these alterations as the V70M and the P123H SNCB alleles.
One line of evidence for a polymorphism to be considered a pathogenic mutation would be its absence in the normal population. We tested more than 660 chromosomes from normal individuals of ethnic backgrounds comparable to each DLB proband, and we did not find a single instance of the V70M or P123H SNCB allele. These results suggest that the V70M and P123H alterations are unlikely to be coding SNPs. As stronger evidence for causality would be cosegregation of a disease allele with the disease phenotype within an affected kindred, we turned our attention to the remnants of an extended pedigree containing the DLB proband carrying the P123H allele. Our attempts to establish cosegregation, however, were inconclusive. Although possession of the P123H SNCB allele does not produce a disease phenotype in all individuals who carry it, three of four individuals who are heterozygous for the P123H allele in this DLB kindred are definitely or potentially DLB affected (II-2, III-8, and III-13). Thus, if the V70M or P123H SNCB alteration is pathogenic, our data suggest an autosomal dominant trait with reduced penetrance akin to BRCA1 mutations in breast-ovarian cancer or alternatively a risk factor polymorphism for disease similar to the Factor V Leiden R506Q alteration in venous thrombotic disease. 26, 27 Although the genetic evidence supporting a role for SNCB in causing DLB from this study is admittedly suggestive, the likelihood of these alterations being pathogenic in nature is reinforced by numerous independent studies that indicate a role for SNCB in the regulation of SNCA. [14] [15] [16] [17] [18] [19] Another exciting discovery relevant to DLB pathogenesis is the identification of a novel SNCA E46K alteration that cosegregates with the DLB phenotype in a multigeneration autosomal dominant kindred of Spanish ancestry. 28 Recent studies of pedigrees segregating autosomal dominant DLB-like phenotypes also indicate that triplication of the SNCA gene can cause this disease, 29, 30 suggesting that SNCA overexpression can promote its pathogenic action. Our findings together with these studies lead us to propose a model for how alteration of SNCB results in DLB (figure 4). According to this model, an alteration in SNCB structure or function would accelerate the SNCA pathogenic cascade by preventing the normal inhibitory action of SNCB upon SNCA. The next step in assessing the potential pathogenicity of the V70M and P123H SNCB alterations will thus be to determine how SNCB modulates SNCA toxicity and the effect of mutated SNCB upon SNCA regulation. This work will be critical not only for confirming the role of these alterations in DLB, but also for understanding the molecular basis of all diseases that display Lewy body inclusions. 
